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Introduction
Incident solar radiation is energetically broad and poses challenges for efficient conversion to electricity using solar cells consisting of nite bandgap semiconductors. 1 Even with an optimized crystalline silicon (c-Si) semiconductor, $30% of the incident radiation is not absorbed and is simply transmitted through the present c-Si solar cells. Considering the maximum conversion efficiency of single-junction solar cells, $33% sunlight into electricity in the radiative limit, 2 the unused nearinfrared (NIR) radiation provides an important opportunity for enhancing the efficiency of solar cells. Although the NIR photons have insufficient energy, combining two or more infrared photons to generate a single visible or ultraviolet photon, a process known as upconversion, enables these NIR photons to contribute to solar energy conversion. 3, 4 An upconversion layer can be placed at the back of a solar cell and converts a part of the transmitted photons to wavelengths that can be absorbed; it is straightforward to demonstrate a positive contribution from the upconversion layer.
Upconversion in various materials in which rare-earth ions are doped have been reported. [5] [6] [7] [8] [9] Among them, upconverters using Er 3+ ions that convert 1550 nm photons to 980 nm photons are applied to c-Si solar cells, 10-12 while those using a combination of Er 3+ and Yb
3+
, which converts 970 nm to the visible photons, to amorphous silicon (a-Si), organic, and dye-sensitized solar cells. [13] [14] [15] [16] [17] However, the absorption bands of rare-earth ions originating from f-f transitions in the NIR region (700-2100 nm) are narrow, and hence only a small fraction of the solar spectrum can be utilized. [17] [18] [19] Thus, to realize highly efficient solar cells, efficient upconverters with sufficiently wide absorption spectra are desired. One of the approaches is to use a combination of rare earth ions with sensitizers that absorb photons in a broadband range, which are not directly absorbed by the rare-earth ions, and transfer the absorbed energies to the rare-earth ions. There are reports on upconversion of 970 nm photons to the visible (550, 650 nm) using the Er

-Yb
3+ pairs where organic dyes function as the sensitizers that absorb photons in a range of 700-850 nm and transfer the energies to the Yb 3+ (ref. 19 ) and similarly Cr 3+ for 600-650 nm.
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On the other hand, upconversion with a rather broadband sensitivity and a high efficiency has been demonstrated using triplettriplet annihilation of organic molecules but the absorption range is limited up to 800 nm at present and thus can have applications only for a-Si, organic, and dye-sensitized solar cells.
21-23
Materials design
There are detailed reports on absorption spectra of transitionmetal ions that extend up to the NIR range. It has been reported that alkaline earth perovskites such as CaZrO 3 are good hosts for rare earth doped phosphors and can solubilize as high as 20% rare earth ions when proper charge compensators are utilized. 42 The crystal structure of CaZrO 3 consists of ZrO 6 octahedra and CaO 12 polyhedra as depicted in Fig. 1(c) . Furthermore, it has been reported that the substitution of larger or smaller ions into host cation sites remarkably distorts the crystal eld from the ideal symmetry and hence changes the crystal eld splitting. 44 As a result, the f-f transition probabilities improve leading to increased absorption and upconversion. In the CaZrO 3 :Er system, substitution of The crystalline structures were identied by X-ray diffraction (XRD) using Cu-Ka line in a range from 10 to 80 degree. Scanning electron microscope (SEM) observations were carried out using Hitachi SU3500.
Optical measurements
Each powder sample was sandwiched between two glass plates with a 0.5 mm thick spacer. Absorption spectra were measured using an integrating sphere. To determine the photon ux at the Ni 2+ or Er 3+ absorption bands, we have integrated the standard AM1.5 spectral solar irradiation at earth surface 45 in the absorption range of Ni 2+ and Er 3+ , respectively. The reference spectrum is available in irradiance (W m À2 nm À1 ) form, that was converted to the photon ux and current density forms. Continuous wave (CW) laser diodes of $1 mW output power were used as excitation sources to acquire upconversion and Stokes emission spectra. Excitation beam intensity (mW cm À2 )
at the sample surface was obtained using a power meter and a knife-edge and it was in the order of 10 6 mW cm À2 . An optical parametric oscillator (OPO) pumped by the third harmonic of a Nd-YAG laser (7 ns pulse duration, 5-20 mW output power depending on output wavelengths) was employed for evaluation of wavelength dependent upconversion sensitivity and timeresolved measurements. Appropriate bandpass lters were used to receive emitted photons of desired wavelengths. Si and InGaAs photodiodes were used to detect the 980 nm and longer wavelength photons, respectively, and the output signal was accumulated using a storage oscilloscope. Fig. 1(a) . On the other hand, no distinct lattice changes were observed by the Ni substitution at the Zr sites because the amount of Ni was very small (<0. Fig. S2 †) . However, lower formation energy of pyrochlore structures (À3.88 eV) compared to the perovskite structures, CaZrO 3 (À3.66 eV), the ErZrO 3.5 pyrochlore phase was unavoidable at higher Er-doping concentration. 46 Reecting the fact that codoped Li + (Na + /K + ) occupied Ca 2+ sites, the lattice parameters and cell volume changed according to the ionic radii of these alkali ions (Fig. S2 †) . The absorption spectra of the CaZrO 3 doped with 10 mol% Er and different mol% of Ni are presented in Fig. 2 and S3 (refer ESI S3 † for visible absorption range). Sharp absorption peaks located at 970, 800, 660, 520, 490, 410, 380 nm and comparatively broad absorption band around (1450-1600) nm Fig. 2(b) . Furthermore, the Ni 2+ absorption bands remarkably increased with increasing doped Ni 2+ ion concentration. The extra broad Ni 2+ absorption band (1060-1500 nm) in combination with the Er 3+ absorption band (1450-1600 nm) covers the most of the NIR solar spectrum (1050-1600 nm) which is not absorbed by c-Si solar cells themselves and will have a great advantage for the spectral conversion purpose. Fig. 3(a) and (b) show the upconversion spectra of the various mol% of Er (Li) doped CaZrO 3 :0.2 mol% Ni (Nb) samples when excited at 1490 and 1300 nm, respectively. Under the 1490 nm excitation, corresponding to direct Er 3+ excitation, clear upconverted emissions at around 980 nm were observed ( Fig. 3(a) ). In addition, very similar upconverted emissions appeared while excited at 1300 and 1180 nm (for 1180 nm excited UC see Fig. S5 †) despite the excitation light was not absorbed by the Er 3+ ions themselves. The maximal upconversion intensity was achieved at 15 mol% Er doping concentration under both the 1300 and 1490 nm excitations. Further, it has been conrmed that the upconverted emission at 980 nm was proportional to the square of the Er concentrations for both excitation wavelengths at lower concentrations as depicted in the insets of Fig. 3(a) and (b) . The power dependent upconversion intensity measurements conrmed that the present upconversion is two photon processes under both the 1490 and 1300 nm excitations (Fig. 3(c) ). Fig. 4 Stokes emission intensity. In fact, the Er 3+ Stokes emission, which is a one-photon process, was proportional to the Er concentration (see Fig. S4 †) . On the other hand, Er 3+ upconversion (980 nm) is a two-photon process (Fig. 3(c) ); it means two excited Er 3+ ions are utilised to emit a single upconverted photon at a shorter wavelength. Thus, the upconversion emission intensity should be proportional to the square of the Er 3+ ion concentration, which was obeyed at relatively lower Er 3+ concentrations. However, at higher Er 3+ -doping concentrations, the Ni / Er energy transfer efficiency saturated and concentration quenching processes predominates, consequently the upconversion and Stokes emissions weakened.
Results and discussion
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Effect of the Ni 2+ -doping concentration on the upconversion spectra of CaZrO 3 :15 mol% Er(Li) are presented in Fig. 5 . At the beginning, the upconversion intensity increased with increasing Ni-doping concentration that is due to increased Ni absorption as depicted in Fig. 2(a) . However, at slightly higher Ni concentrations, the upconversion intensity decreased rapidly. The reason of the decrease would be due to remarkable non-radiative relaxation through concentration and defectrelated quenching as oxygen vacancies may increase at higher Ni concentrations. 41 The energy transfer efficiency is expected to be independent of the Ni 2+ 
each Ni 2+ addition balanced the total charge that might have increased the Ni-solubility as well as stabilize the Ni 2+ . As a result, improved upconverted emission intensity was detected.
To evaluate the Ni / Er energy transfer rate quantitatively, time-resolved decay proles were recorded. Typically, the Ni 2+ emission at 1400 nm was recorded for the Ni only doped (no Er) and Ni, Er-codoped (0.2 mol% Ni, 10 mol% Er) samples under the 1180 nm pulsed excitation. The results are presented in Fig. 6 . The time-dependent Ni 2+ emission intensity of the Ni only doped (no Er) sample I Ni(no Er) (t) was well tted using a double exponential eqn (1) mentioned below:
The Ni 2+ emission lifetimes s Ni are determined by
From the tting data, s Ni was found to be $0.6 ms for 0.2 mol% Ni (Nb) only doped CaZrO 3 , which is comparable with the previously reported values for other oxide hosts.
47,48
When the Er 3+ acceptors were introduced, the Ni 2+ emission intensity decreased more rapidly, because of the energy transfer from the Ni 2+ donors to the Er 3+ acceptors. The effect of the energy transfer on the time evolution of the emission intensity of the Ni 2+ donors is expressed as exp½Àg Ni/Er ffiffi t p when energy migration among the donors is negligibly weak, 38,39 whereas it is described by an exponential function exp[Àw Ni/Er t] for significant migration. [49] [50] [51] In the present case, the acquired data are tted by the former better than the latter, i.e.,
This is consistent with the facts that the Ni concentration is as low as 0.2 mol% and the energy transfer is completed within sub-milliseconds. Using eqn (1) and (3), the energy transfer efficiency h Ni/Er is derived as follows, The efficiency obtained from the time-resolved data was about 86%, which is very close to the result obtained from the steady-state Ni-emission intensities as mentioned earlier. Fig. 7 transition probabilities in presence of inversion symmetry. 44 It has been reported that substitution of larger or smaller ions into host cation sites remarkably distorts the crystal geometry from the ideal symmetry and hence changes the crystal eld splitting. 44 As a result, the f-f transition probabilities increase and absorption originating from the Er 3+ pronounce. Furthermore, the K + -substituted sample exhibited lower crystallinity as seen by weaker XRD peak intensity depicted in Fig. S2 . † It is well known that luminescence is crystallinity dependent; higher the crystallinity the better is the luminescence performance. Fig. 8 shows the absorption, excitation and upconverted emission spectra of the CaZrO 3 :15 mol% Er(Li), 0.2 mol% Ni(Nb) sample. The excitation spectrum was obtained from the upconverted emission intensity normalized by the square of the excitation photon ux (due to two-photon process), namely, the emission intensity at a constant excitation photon ux. The upconverter developed here provides broadband sensitivity ranging from 1060 nm to longer than 1600 nm as seen from the excitation spectrum. It further suggests that quite strong upconversion was achieved at the Er-absorption band while comparatively weak at the Ni-absorption band, which is in accordance to the absorbance at the corresponding wavelengths. We have compared the upconversion intensities of such a broadband sensitive upconverter developed here with the previously reported similar upconverter (see ESI S7 †) and concluded that the upconversion emission of the CaZrO 3 :Er,Ni-based upconverter is about 1.7 times stronger. Further, the new upconverter developed here can efficiently absorb 1350-1450 nm light even though the solar irradiation at these wavelengths is weak.
The photon ux in the solar spectrum integrated over the Er 3+ by coupling with plasmons at the desired wavelengths and such experiments will be conducted in near future.
Conclusions
To 
